The first 2000 incidents reported to the Australian Incident Monitoring Study were analysed with respect to the role of the pulse oximeter. Of these 184 (9%) were first detected by a pulse oximeter and there were a further 177 (9%) in which desaturation was recorded.
continuous auscultation of cardiac and respiratory rhythm during the entire course of anaesthesia" has been advocated for over 80 years', many patients have suffered brain damage or have died because clinical monitoring can not detect many circumstances in which tissue oxygen delivery is impaired 1 ". The pulse oximeter represents a major advance in that it provides a beat-by-beat register of the rate and rhythm of the heart, and by a modulated tone, of the degree of saturation of the haemoglobin in the blood supplying tissues. It is also usually reasonable to assume, if the blood supply to a finger is being maintained sufficiently well for a pulse oximeter to register a wave form, that blood supply to the heart and brain is adequate. A major advantage of the pulse oximeter is that it will start to register the fact that haemoglobin is desaturating at a stage at which oxygen carriage is still adequate. A disadvantage is that a fall in saturation does indicate that, possibly within a short period of time, the tissues may be receiving less oxygen. Other disadvantages are that there are circumstances in which pulse oximeters are unreliable", that "false alarms" are fairly frequent and that the information they provide is unavailable when it is not possible to detect a peripheral pulse.
The Australian and New Zealand College of Anaesthetists recommended that a pulse oximeter should be exclusively available for each patient undergoing anaesthesia by the beginning of 1990. 8 Since then, similar recommendations have been made in several other countries. Also, pulse oximetry is "highly recommended" in the "International Standards for a Safe Practice of Anaesthesia". 9 Because of these widespread recommendations for the use of pulse oximetry, it was decided to study the first 2000 incidents reported to the Australian Incident Monitoring Study (AIMS) to obtain an objective indication of the applications and limitations of pulse oximetry in clinical anaesthetic practice.
METHODS

Actual Incident Detection
Information of relevance to pulse oximetry was extracted from the first 2000 incidents reported to AIMS. AIMS involves the voluntary, anonymous reporting of any unintended incident which reduced, or could have reduced, the safety margin for a patient. Details of the AIMS methods are provided elsewhere in this symposium. 10 All incident reports were studied: • with the key word "desaturation"; • in which the pulse oximeter was reported to have been the first monitor to detect an incident; • in which a pulse oximeter was deemed to have failed when it would otherwise have been expected to be useful. Also, all information of relevance to pulse oximetry was extracted from the paper in this symposium in which the role of monitors in patients undergoing general anaesthesia was examined. 11
Theoretical Incident Detection
A theoretical assessment was also made, 11 using criteria arrived at by consensus, of the potential value of pulse oximetry in detecting all relevant incidents had pulse oximetry been used on its own, and had the incident been allowed to evolve. For this assessment it was assumed that pulse oximetry would have been used from the time the patient arrived at the location at which induction of anaesthesia was to take place until the patient was discharged from the recovery ward. It was assumed that heart rate, rhythm and haemoglobin saturation would be registered on a beat-by-beat basis by an audible signal (with its tone modulated by the degree of haemoglobin saturation), and that the "low" alarm was set at 90070 haemoglobin saturation.
RESULTS
The information of relevance to pulse oximetry from the paper in this symposium on the role of monitors in the 1256 incidents which occurred in association with general anaesthesia (GA incidents) 11 is summarised in Figure 1 .
Actual Incident Detection
Of the 1256 GA incidents, 604 were "human detected" and 652 "monitor detected"; the pulse oximeter was ranked first and detected 175 (27070) of these monitor detected GA incidents (see Figure 2 , p. 536). 11 There were an additional nine incidents amongst the remaining 744 incidents (of the total of 2000) in which the pulse oximeter was the first to detect the incident (see Table 1 ). Thus overall, the pulse oximeter was the first to detect an incident in 184 of the first 2000 incidents reported to AIMS; in a further 177 incidents the pulse oximeter played a useful role, as indicated by the key word "desaturation". The pulse oximeter was considered to have failed or caused problems in 15 cases; these are summarised in Table 2 . 
Figure 1
The role of the pulse oximeter in patients undergoing general anaesthesia a , ranked by the number of times a pulse oximeter first detected an incident. 
Theoretical Incident Detection
of the GA incidents detected by monitors (see Figure  2 , p. 536). II However, this does present oximetry in an optimistic light as it was assumed, in arriving at these figures, that the pulse oximeter would always be used correctly and would be functioning properly.
In a theoretical analysis of the 1256 GA incidents it was considered that the pulse oximeter, used on its own, would have detected 820/0 of these incidents, had they been allowed to evolve (nearly 60% before any potential for organ damage) (see Figure 3 , p. 537)."
DISCUSSION
Actual Incident Detection
Of the 1256 GA incidents, 174 were first detected by a pulse oximeter; these represent 27% of the 651 incidents which were first detected by a monitor in this group (the largest percentage by any monitor). Had a pulse oximeter been used in all cases undergoing general anaesthesia, and had the ECG "bleep" been turned down and the more informative modulated tone of a pulse oximeter been relied upon, the pulse oximeter would have first detected a further 16% of these incidents (changes in heart rate or rhythm detected by the ECG). Thus, if a pulse oximeter has always been used in this manner, it would have detected over 40% Endobronchial Intubation: Endobronchial intubation was the most common cause of arterial desaturation, and ranked as the fourth most common GA incident (after circuit disconnect, circuit leak, and laryngospasm) (see Table 4 , p. 538)." Over 87% (66) of the 76 such cases in which an oximeter was in use were first detected by an oximeter (Figure 1 ). Of the remaining 10 cases, six were detected clinically, two by a capnograph, and two by a pressure gauge. Presumably, many of these incidents would not have been detected at all before the advent of pulse oximetry, which would have reduced the safety margin for a substantial number of patients. 
IS'
One saturation of 37% was recorded, one of 65% (confirmed by an arterial oxygen tension of 44 mmHg), four of 60-70% and 30 of 90% or less. In 42 cases out of 66 it was reported that there was right endobronchial TABLE 2 Incidents in which the pulse oximeter was considered to have failed or to have been misleading.
Clinical Situation
Saturation of 68"70 noticed on scanning monitors. Circuit disconnect noted. Saturation of 79"70 noticed on scanning monitors. Circuit disconnect noted. Desaturation due to airway obstruction in a child. Desaturation due to hypoventi1ation. Clinical diagnosis of endobronchial intubation -air entry greater on right than left. Clinical diagnosis of endobronchial intubation -air entry greater on right than left. ? Probe problem. ? Endobronchial intubation. Desaturation resolved after tracheal tube and oximeter probe were moved. Spill valve not closed fully with IPPY. Chest movement normal, low pressure alarm did not go off. Hypoxic gas mixture -oximeter read 91"70 when oxygen analyser alarmed at 17"70. Oxygen saturation then rapidly fell further. Arterial blood gases predicted a saturation of 89"/0.
In vitro saturations measured at 82 "70, confirmed by arterial blood gases, oximeter reading 92"70. Pulse oximeter failed to detect leak in circuit. Saturation 91"70 with 17010 inspired oxygen. Pulse oximeter reading 100"70 with low arterial oxygen tension.
Pulse oximeter over-reading. Read correctly when moved to another digit. Pulse oximeter under-reading.
A brand new pulse oximeter showed marked desaturation but failed to alarm. Saturation fell to 58"70 which proved to be a false reding due to the gross oedema of the hand when the drip ran into tissue. Saturation 75"70 when arterial oxygen tension was 458 mmHg.
" Same as incident 3 in Table I . h Same as incident 8 in Table I . , Same as incident 9 in Table I intubation with diminished air entry on the left. In the remainder the patient was inaccessible, no diminished air entry could be detected or the relevant details were not recorded on the form. There were eight cases in which it was definitely recorded that no region of diminished air entry could be detected clinically, but in which saturation improved when the tube was withdrawn. There was no report of a confirmed left endobronchial intubation.
There were three patterns of presentation. In the first the patient suddenly desaturated 2 to 5 minutes after the effects of pre-oxygenation had worn off (i.e. 5 to 12 minutes after induction). In the second, desaturation suddenly occurred 2 to 5 minutes after a change in posture or in the position of the patient's head. In the third type the patient suddenly desaturated after a long period of uneventful anaesthesia, without any apparent precipitating factor. In several cases the anaesthetist had documented the distance from the tip of the endotracheal tube to the lips or teeth, and was able to immediately detect that the tube had moved further down the airway. Given the frequency of endobronchial intubation, it is clearly desirable to always document this distance, to tie the tube in securely, and to check for bilateral equal ventilation. Problems with endotracheal tubes and their placement are dealt with in more detail elsewhere in this symposium. [12] [13] [14] Totalfailure to ventilate: There were 15 incidents in which the pulse oximeter was the first monitor to detect a circuit disconnection. In 10 of these a capnograph was not in use; in the five in which the capnograph was in use, the alarm was turned off on three occasions, and failed in two. In seven of these 15 incidents a low pressure alarm was not in use; in four it was turned off, in three it failed and in one it alarmed just after the oximeter alarm. In 12 of these incidents an ECG was in use but in none did the ECG give any indication of a problem.
Of the remainder of the 155 disconnect ions a low pressure alarm detected 36, a capnograph 27, a ventilator alarm 11, and an oxygen analyser, pressure gauge, spirometer, ECG and invasive blood pressure monitor detected one each; the balance was detected clinically. The 15 disconnection incidents detected by pulse oximetry emphasise its invaluable role as a "backup" disconnect alarm. Although it is clearly highly desirable to have a capnograph with a functional apnoea alarm and a second disconnect monitor (either a low pressure alarm or a spirometer with an alarm), it is inevitable that these will fail on occasions; a pulse oximeter may then prevent brain damage or death. Problems with ventilation are dealt with in more detail elsewhere in this symposium. " Anaesthesia and Intensive Care, Vul_ 21, Nu_ 5, October, 1993 Hypoxia/desaturation (severe shunt): There were 20 cases of desaturation not due to any clearly identifiable cause. A pulse oximeter first detected 14 of the 18 incidents in which one was in use. Six were in patients with profuse bronchial secretions (four were children) and 4 were in obese patients. One patient was subsequently found to have a large malignant pleural effusion, one was postponed for further medical treatment and died 20 minutes later, one occurred after aortic declamping, and in one child the persistent desaturation remained unexplained. It seems possible that the effects of the' 'usual" shunt under anaesthesia may have been aggravated in the first 10 patients in this group. Anecdotal evidence supports very rapid desaturation during induction of patients who are obese or who have distended abdomens, even after meticulous pre-oxygenation (possibly due to factors such as poor hypoxic pulmonary vasoconstrictor response, small functional residual capacities and collapse of peripheral alveolae). Obstruction of some small bronchi by secretions would contribute to the overall shunt.
Partial failure to ventilate: On nine occasions the pulse oximeter was the first monitor to detect a leak. Of the 104 leaks, less than 40070 were detected by monitors (16 by a capnograph, nine by a low pressure alarm, four by a spirometer, two by an oxygen analyser and one each by an ECG, ventilator alarm and blood pressure monitor).
Aspiration/regurgitation: Nine of the 75 cases of aspiration/regurgitation were first detected by a pulse oximeter, one by a capnograph and remainder were detected clinically. Two of the nine were post operative regurgitations in patients with risk factors, one regurgitated after being in the lithotomy position, one aspirated during a difficult intubation and one eightweek-old child aspirated around an endotracheal tube which had a big leak.
Oesophageal intubation: Eight of 27 oesophageal intubations were detected by pulse oximetry. In six of these eight cases auscultation of the chest was carried out and documented to indicate reasonable air entry on both sides. In six cases a capnograph was available. In one it was not connected, in another the connector was being washed and in a third the capnograph was in "calibration mode"; in the remaining three the capnograph confirmed that there was oesophageal intubation. These cases are conspicuous by the low saturations recorded: less than 40% in one case, less than 55% in one, 60 to 70% in two and less than 80% in a further four. The ECG was in use in seven of these eight cases and was non-contributory; in one case in which the saturation was noticed to be less than 40% the ECG was noted to be unchanged. Thus, the pulse oximeter plays an invaluable "back-up" role in these dangerous situations. Further details of the cases of oesophageal intubation are considered elsewhere in this symposium. 13 Disconnection at or before the common gas outlet: Seven of the 46 disconnections at or before the common gas outlet were first detected by a pulse oximeter. Two of these involved patients being "preoxygenated" with disconnected circuits; both these patients desaturated rapidly on attempted intubation. In the remaining five the breathing circuit became disconnected from the common gas outlet whilst the patient was being ventilated. In three of these seven cases a low pressure alarm was being used, in two a capnograph, and in one an oxygen analyser. This confirms that disconnections at the common gas outlet or the inlet to the circle are difficult to detect and locate. It is clear that the design of these connections on many machines is primitive and inadequate.
Obstructed tracheal tube: In five of 35 cases of endotracheal tube obstruction, the pulse oximeter was first to detect the incident. In three of these five a capnograph was not in use. Only 18 were first detected by monitors (seven by a capnograph, three by a high pressure alarm, two by a spirometer and one by a pressure gauge). Problems with endotracheal tubes are dealt with in more detail elsewhere in this symposium. 12 Severe hypotension: In four of the 34 cases of severe hypotension with vasodilatation the pulse oximeter was the monitor to first detect the incident (due to loss of the pulse signal). The other monitors to detect these incidents were blood pressure monitors (21 cases), the ECG (tachycardia, three cases) and the plethysmograph (three cases).
Pulmonary oedema: There were four cases of pulmonary oedema detected first by a pulse oximeter, two of which occurred during anaesthesia and two of which occurred in the recovery ward.
Oxygen supply failure upstream from rotameter: Four of the seven cases in which there was failure of oxygen supply were first detected by oximeters. In one an oxygen cylinder was turned off during electroconvulsive therapy, in one the oxygen supply to the anaesthetic machine had been disconnected, in one an oxygen cylinder ran out before an oxygen dependent patient could be connected to the anaesthetic machine, and in one there had been a switch of oxygen and air lines in the pendant. This manifested as cyanosis in an anaesthetised patient; an oxygen analyser was not in use in this case. Although one was available, it was known to be faulty.
Hypoxic mixture due to rotameter setting: Four of the 16 cases of hypoxic gas mixtures due to rotameter settings were first detected by a pulse oximeter; one was in use on only 11 of these occasions. In one the saturation fell to 65070 after the anaesthetist turned the oxygen off and the nitrous oxide to 12 litres/min at the end of the case (he ignored the "Iow" alarm because it was the same as the (expected) "high" alarm). In another such case, unknown to the anaesthetist, the oxygen analyser alarm had been turned off. In the third case saturation fell to 75070 when a patient was "preoxygenated" with 100070 nitrous oxide, and in the fourth the oxygen rotameter was turned off by an unseen person. It is notable that in three of these cases the oxygen analyser alarms had been disabled to avoid irritation of theatre staff. The oxygen analyser is discussed in detail elsewhere in this symposium. 16 Hypoventilation: There were four cases of hypoventilation first detected by a pulse oximeter; these occurred in the postoperative period and were all due to partial neuromuscular blockade. One presented as a respiratory arrest.
Anaphylaxis and hypotension: Four of the 12 cases of clinical anaphylaxis were first detected by a pulse oximeter. Of the remaining cases of anaphylaxis, three were detected by blood pressure monitors, two by the ECG, and one by a pressure gauge. Diagnosis of "full" anaphylaxis by the assessors in the' 'Which Monitor" paper~ 1 from which these figures are derived was very conservative with many allergic responses being allocated to "hypotension" or "bronchospasm" categories; 57 possible cases of drug allergy are considered elsewhere in this symposium. 17 In four of 39 cases of moderate hypotension with vasodilatation the pulse oximeter was the first to detect the problem; most were detected by blood pressure monitors.
Air embolism, bronchospasm and others: In two of 14 cases of air embolism the pulse oximeter was the first to detect the problem; in one the end-tidal carbon dioxide also fell markedly and in the other the anaesthetist had been slowly and progressively turning down the ventilation to prevent hypocarbia, not realising that insidious air embolism was the problem. Two of 27 cases of bronchospasm were detected by a pulse oximeter. One case of life-threatening tension pneumothorax was detected by a pulse oximeter; other single cases detected by a pulse oximeter are shown in Figure 1 .
Theoretical Incident Detection
In the theoretical analysis of the 1256 GA incidents 11 it was concluded that pulse oximetry, had it been used on its own, would have detected 82070 of all these incidents (nearly 60070 before any potential for organ damage) (see Figure 3 , p. 537)!1 Anaesthesia and Intensive Care, Vol. 21, No. 5, October, 1993 With respect to patient condition, the oximeter was considered to alert the anaesthetist before any potential for organ damage for the 60070 of incidents involving hypoxic mixtures, failure to ventilate, leaks, endotracheal tube problems, airway problems, bronchospasm and hypoventilation (Figure 3 , p. 537)!' However, to avoid any organ damage in these situations good crisis management is required. '8 The pulse oximeter was considered to alert the anaesthetist late, (i.e. when a physiological parameter had changed to an extent or in a context in which there was potential for organ damage) for the further 22% of incidents involving vapour overdose, changes in heart rate, severe hypotension, cardiac arrest, aspiration/regurgitation, air embolism, malignant hyperthermia, anaphylaxis and tension pneumothorax ( Table 2 , p. 533)! 1 In these cases it was considered that as either the sign may occur very late (e.g. a change in heart rate with hypoxia) '9 or as the pathophysiological process was already underway, a potential for organ damage could not be excluded.
With respect to the appropriateness of the monitoring "conventions" applied to each of the clinical situations for the theoretical analysis of the role of the pulse oximeter in the GA incidents, it would seem that the decisions made were reasonable ( Table 5 , p.540)! 1 The pulse oximeter first detected 152 (87%) of the 174 GA incidents in which it was defined to do so. The pulse oximeter first detected a problem when it had been defined to do so only after another monitor in 13 of the 174 incidents (8%). There were only nine occasions (5%) when the pulse oximeter was the first monitor to detect an incident when it was defined not to do so at all for the theoretical analysis. Seven were cases of moderate hypotension, one was hyperoxia from nitrous oxide supply failure, and one was a case of circuit disconnection with spontaneous ventilation.
Limitations of Pulse Oximetry
A pulse oximeter was reported to fail on 15 occasions (see Table 2 ). In the first 4 of these the pulse oximeter actually detected the problem, and the complaint was that it had not alerted the anaesthetist earlier because the model in use did not have a modulated tone with changing saturation or an alarm. All pulse oximeters should have these facilities. In the next two problems the complaint was that endobronchial intubation was evident clinically, but the saturation did not fall. Whether this represents the pulse oximeter over-reading or a good hypoxic pulmonary vasoconstrictor response on the part of the patient cannot be determined. On two occasions (cases 8 and 9) the pulse oximeter was functioning correctly and could not reasonably have been expected to detect the problems. In the above eight cases the oximeters were probably performing to specification. Of the remainder, on three occasions there were probe problems, in two cases the oximeters over-read, in one it under-read and in another the alarm failed in a new oximeter. Six (possibly eight) cases of malfunction seems to represent a remarkably low problem rate, as oximeters were in use during 1513 of the first 2000 incidents. There would obviously have been many occasions when an oximeter ceased to function because of an inadequate pulse, but presumably these were not reported because this would be expected in a variety of clinical situations. Indeed, this failure of the pulse signal is itself a very useful sign. It seems that anaesthetists have generally developed good tolerance of the fairly frequent artifacts associated with the use of pulse oximetry, as they were moved to comment about a failure of or problem with pulse oximetry in so few incident reports. Other studies have shown anaesthetists' overall satisfaction with oximetery, in spite of "failure" rates of 2.5%.20
CONCLUSIONS
Although the pulse oximeter is an imprecise instrument,6 and tends to provide frequent "false alarms", it is the only effective monitor for detecting the fourth most common problem amongst the GA incidents (when used it detects 87% of cases of endobronchial intubation) and it plays an invaluable role as a "back-up" monitor in many life-threatening situations in which "front-line" monitors are not in use, are not being used correctly, or fail (see 40 examples in Table 3 ). It also alerted the anaesthetist to many serious problems which do not seem to be reliably detected first by any particular monitor (e.g., four out of the 12 cases of clinical anaphylaxis, nine out of 104 cases of circuit leak).
Although there will continue to be debate, 21 it is our view that the recommendations of the Australian and New Zealand College of Anaesthetists 8 and of the "International Standards for a Safe Practice of Anaesthesia" 9 have been thoroughly vindicated by the patterns revealed in this study. It is highly recommended that a suitable pulse oximeter be used on all patients from the time of arrival in the induction room until return of protective reflexes and demonstration of adequate saturation when breathing room air. 
